Abstract
Introduction
Traumatised and surgical patients with massive haemorrhage are predisposed to develop coagulopathy, as a result of multiple mechanisms including acidosis, hypothermia, anaemia, hyperfibrinolysis and hypotensioninduced inflammation, as well as consumption and dilution of coagulation factors [1] . Dilutional coagulopathy may occur after massive blood loss, as crystalloid and colloid solutions are infused for fluid resuscitation. The degree of coagulopathy depends on the type and volume of the fluids infused [2] . Resuscitation with colloid plasma expanders may lead to a functional fibrinogen deficiency by abnormal fibrin polymerisation, which can be reversed by exogenous fibrinogen [3] . Furthermore, fibrinogen concentrations of less than 100 mg dL -1 may occur before other coagulation factors are diluted [4] . The early decrease of fibrinogen levels has led to the hypothesis that fibrinogen is a key factor for reversing haemodilution induced coagulopathy. Fresh frozen plasma (FFP), cryoprecipitate and fibrinogen may be substituted to restore low concentrations of fibrinogen. FFP contains all coagulation factors and is recommended according to international guidelines to be used either in massive bleeding or if a prolongation of prothrombin time (PT) activated thromboplastin time of more than 1.5 times is accompanied by signs of microvascular bleeding [5] . However, to restore coagulation with FFP and increase low levels of fibrinogen efficiently, large volumes of FFP are needed. Other drawbacks of FFP transfusion include immunological reactions such as transfusionrelated lung injury, anaphylaxis and haemolysis in cases of ABO incompatibility [6] . Alternatively, cryoprecipitate might be used to raise critical levels of fibrinogen, containing factor VIII, fibrinogen, fibronectin, von Willebrand factor and factor XIII [7] . A dose of around 10 single bags of cryoprecipitate derived from units of whole blood typically raises the plasma fibrinogen level by up to 60 to 100 mg dL -1 . However, due to the risk of bloodborne pathogen transmission, the use of cryoprecipitate for this indication is discussed critically. In respect to FFP and cryoprecipitate pasteurised fibrinogen is virus inactivated. In a pioneering study Fries and colleagues could demonstrate that the early application of 250 mg kg -1 fibrinogen reversed haemodilution-induced coagulopathy and reduced blood loss in a porcine model of liver injury [8] . Subsequent studies confirmed these findings and also showed a dose-dependent effect of fibrinogen substitution on thromboelastometry variables in vitro [9] [10] [11] . However, as in vitro studies are performed under low shear conditions, the effects of the interaction with vascular endothelium were not investigated and relevant clinical outcomes in relation to increasing doses of fibrinogen, such as blood loss and survival rate, remained unknown [12, 13] . Therefore this study investigated a possible dose-dependent effect of fibrinogen to reverse haemodilution in vivo in a model of blunt liver injury. Primary endpoints of this study included blood loss and survival time, secondary endpoints were improvement in coagulation tests including thromboelastometry and the evaluation of adverse events.
Materials and methods

Ethics and anaesthesia
All experiments were performed in accordance with the German legislation governing animal studies following The Principles of Laboratory Animal Care [14] . Official permission for this study was granted from the governmental animal care and use office (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, Germany).
Before surgery, pigs were housed in ventilated rooms and allowed to acclimatise to their surroundings for a minimum of five days. Animals were fasted overnight before surgical procedure, with water allowed ad libitum.
Eighteen German male land-race pigs, weighing (mean ± standard deviation (SD)) 32 ± 1.6 kg received an intramuscular injection of 4 mg kg -1 azaperone (Stresnil™, Janssen, Neuss, Germany) as pre-medication. Anaesthesia was induced by an intravenous injection of 3 mg kg -1 propofol (Disoprivan ® , Astra Zeneca, Wedel, Germany) followed by orotracheal intubation. The animals were ventilated with 20 to 26 breaths min -1 and a tidal volume of 10 mL kg -1 to keep the end-tidal partial pressure of carbon dioxide (pCO 2 ) between 36 and 42 mmHg. The inspiratory oxygen fraction was 1.0 during haemodilution and reduced to 0.4 afterwards. Anaesthesia was maintained with isoflurane at end-tidal concentrations of 1% to 1.2% and continuous infusion of fentanyl at 3 μg kg -1 h -1 . Ringer's lactated solution (RL) was infused at 4 mL kg -1 h -1 at first and increased to 8 mL kg -1 h -1 after laparotomy until infliction of trauma. Body temperature was maintained over the entire experiment (36.5 to 37.0°C) with a warming blanket.
Monitoring included electrocardiography, tail pulse oximetry, temperature and arterial and central venous pressure by femorally introduced catheters connected to a standard anaesthesia monitor (AS/3, Datex Ohmeda, Helsinki, Finland).
Surgical preparation and haemodilution
Two 8.5 Fr catheters were surgically implanted in the right and left jugular veins for volume substitution and insertion of a pulmonary artery catheter. A splenectomy was performed under neuromuscular blockage with pancuronium (0.2 mg kg -1 intravenous). To compensate for blood loss associated with the splenectomy, a bolus of warmed RL three times the weight of the spleen was administered. To achieve comparable low concentrations of fibrinogen, intravascular volume was diluted by replacing approximately 80% of the estimated blood volume [15] by hydroxyethylstarch 130/0.4 (Voluven ® , Fresenius, Bad Homburg, Germany) with a maximum dose of 50 ml kg -1 and RL in a ratio of 1:1.2 to 1.5. The collected blood was processed (Cell Saver 5 ® , Haemonetics, Munich, Germany) and the red cells were re-transfused before trauma infliction to avoid early death from severe anaemia.
Fibrinogen substitution and liver injury
Six animals each were randomised to receive normal saline solution (controls), 70 mg kg -1 fibrinogen (group F-70; fibrinogen: Haemocompletan ® , CSL Behring, Marburg, Germany), or 200 mg kg -1 (group F-200) fibrinogen. Subsequently, a grade III blunt liver injury [16] was inflicted as described before using a custom-made instrument [17] . Briefly, the liver was gently retracted to allow adequate exposure. The base of the plate was positioned beneath the right middle lobe. The injury was induced by one-time clamping of the instrument through the parenchyma with a force of 225 ± 26 Newton (N). The force of injury was analysed in real-time and the signal was displayed in a visual programming environment (LabView 8.8, National Instruments, Austin, TX, USA) after amplifying (VG140, ATR Industrie-Elektronik, Krefeld, Germany) and digitizing the force signal (NI USB-6009, National Instruments, Austin, TX, USA). The time of reg-istration was set to 500 msec. In all cases the injury was inflicted by the same investigator (OG), being also blinded to the experimental group.
After liver injury, the abdomen was closed with staples and further manipulations were avoided. Five minutes after injury all animals received 4 mL kg -1 min -1 of RL given over eight minute. Afterwards, the rate was set to 25 mL kg -1 h -1 until the end of the experiment. The observation period ended at 120 minutes after injury. Pulseless electrical activity, a mean arterial pressure of less than 10 mmHg and an end-tidal PCO 2 of less than 10 mmHg were defined as death. Animals surviving for more than two hours were killed with fentanyl, propofol and potassium chloride. Immediately after death, the abdomen was reopened, the vena cava was clamped cranial to the liver and the intraperitoneal blood was collected to determine the total blood loss post-injury. After that, internal organs (lungs, heart, liver and kidneys) were removed and prepared for histological examination.
Blood sampling and analytical methods
Blood was collected and arterial blood gas analysis were performed 10 minutes after splenectomy ('baseline'), at the end of haemodilution ('haemodilution'), after fibrinogen substitution ('fibrinogen') and 120 minutes after liver injury ('trauma') or immediately following death, whichever occurred first. Haemoglobin concentration, pH value, partial pressure of oxygen (pO 2 ) and carbon dioxide (pCO 2 ) were measured with a blood gas analyser (ABL500, Radiometer, Copenhagen, Denmark). Prothrombin time (PT), activated partial thromboplastin time (aPTT) and fibrinogen concentrations were determined by standard laboratory methods using the appropriate tests from Dade Behring (Marburg, Germany) on a coagulometer (KC4, Baxter, Newbury, UK). Thrombinantithrombin (TAT) complexes were quantified by ELISA (TAT, Dade Behring, Germany). A coagulation analyser (ROTEM ® , Pentapharm, Munich, Germany) was used for thrombelastometry with the EXTEM ® assay according to the manufacturer's instructions. The following parameters were obtained: clot formation time (CFT in seconds: reflects the coagulation time until 20 mm of amplitude are reached), maximum clot firmness (MCF in mm: reflects the strength of a resulting clot) and the α-angle (in degree: shows the rate of fibrin polymerisation).
Pathological examination
All investigated internal organs, such as the lungs, the heart, liver and the kidneys, were removed after death and directly fixed in 10% buffered formalin. Injured parts of the liver were cut into 3 mm thick slices. Only areas of maximum depth of injury and most severe vessel rupture were chosen for further histological examination. In addition representative tissue sections of all four organs were processed to explore for thrombotic events. All samples were embedded in paraffin and stained by H&E and a standard Elastica-van Gieson protocol for histological examination under light microscopy (Eclipse 50i, Nikon, Duesseldorf, Germany). Secondary, suspect sections of lung and liver tissues were immunostained for fibrinogen and von Willebrand factor. A polyclonal rabbit antihuman fibrinogen antibody (DAKO A0080, polyclonal rabbit, DAKO, Glostrup, Denmark) and polyclonal rabbit von Willebrand factor VIII antibody (DAKO, A0082, polyclonal rabbit) were used at a concentration of 1:100. For staining, the ABC Vectastain universal kit (Vector Laboratories, Burlingame, CA, USA) and haematoxylin as counterstain was used. A blinded pathologist subsequently assessed the degree of injury in the liver and of fibrin deposition in vessels and microthrombi formation in all organs.
Statistical analysis
Data are presented as mean ± SD (SPSS V16, Chicago, IL, USA). Normal distribution of parameters was shown on the interpretation of Q-Q plots and histograms. Differences between groups were analysed with a one-way analysis of variance (ANOVA) with Scheffe's post hoc test and Games Howell for multiple comparisons, respectively. A repeated measures ANOVA was applied to analyse the influence of dilution and treatment substitution over time using Scheffe's post hoc and Games Howell tests.
Non-parametric distributed parameters of thromboelastometry were analysed using Kruskal-Wallis H-test and Bonferroni-Dunn tests for multiple comparisons. Data are presented in box plots. Data on survival were analysed by the log-rank test. Statistical tests were performed two-tailed and the level of significance was defined as P < 0.05.
Results
Baseline measurements and coagulation parameters after haemodilution
Baseline parameters were comparable between groups (Tables 1 and 2 ). The dilution caused a significant coagulopathy and a drop in platelets. PT increased from 9.3 ± 0.7 seconds to 19 ± 2 seconds (pooled data) whereas fibrinogen concentrations decreased from 301 ± 36 mg dL -1 to 54 ± 7 mg dL -1 (P < 0.001; Figure 1 ). Coagulopathy was adequately detected by significant findings in thromboelastometry (P < 0.001; Figure 2) . No clinical signs of coagulopathy, such as oozing from insertion sites or mucosal bleeding, were observed in any group.
Coagulation parameters after fibrinogen substitution and after injury
Fibrinogen substitution significantly increased the concentrations of fibrinogen in the intervention groups (F-70: 148 ± 7 mg dL -1 ; F-200: 237 ± 17 mg dL -1 ). Although PT decreased equally in both intervention groups ( Figure  1 ), the decrease in CFT and the increases in MCF and α-angle were dose dependent (Figure 2) .
After haemodilution and liver injury fibrinogen concentrations decreased in all groups over time. However, in the F-200 group, fibrinogen concentration was significantly higher (131 ± 26 mg dL -1 ) and PT lower (11 ± 1 seconds) than in F-70 group (fibrinogen: 67 ± 11 mg dL -1 , PT 17 ± 2 seconds). Corresponding results were obtained by thromboelastometry (Figure 2) , with controls showing consistently lowest (MCF, α-angle), respectively highest values (CFT).
The aPTT was significantly prolonged after dilution, without significant differences between groups. Similarly, TAT complexes increased in all groups without significant differences between groups (Table 1) . Concentrations of D-Dimer were below 500 μg l -1 at all times (data not shown).
Haemodynamics and blood loss
No differences in haemodynamics were observed between groups until liver injury (Table 2) . Following liver injury all animals developed haemorrhagic shock. Blood loss after liver injury was highest in the control group (1803 ± 248 ml; P < 0.05), followed by the F-70 (1317 ± 113 ml) and F-200 (1155 ± 232 ml) groups. The difference in blood loss between the intervention groups was not significant (P = 0.205). Mean arterial pressure and cardiac output were significantly lower in controls than in the intervention groups.
All animals in the control group died before the end of the observation period, with a survival time of 59 ± 12 minutes ( Figure 3 ). All animals in the F-200 group survived, whereas two out of six animals (33%) of the F-70 group died before the end of the observation time (P = 0.138).
Histopathological analysis
Macroscopical and histological evaluation by immunostaining with von Willebrand factor of injured liver sections revealed an equal tissue damage as well as comparable laceration of venous vessels of a maximum of 3 to 4 mm. No evidence for thrombus formation or microthrombi was found in the H&E and fibrinogen stain of kidney, heart or lung tissues.
Discussion
In this in vivo study we could demonstrate a dose-dependent effect of fibrinogen to reverse haemodilutioninduced coagulopathy. Increasing concentrations of fibrinogen resulted in a further improvement of clot formation and clot firmness. Blood loss after liver injury was significantly lower in the fibrinogen groups as compared with controls, but there was no difference between substituting 70 or 200 mg kg -1 fibrinogen in regards to blood loss or survival. After haemodilution, coagulation was severely impaired as shown by prolonged PT, clot formation and an overall reduction in clot firmness. To meet a plasma fibrinogen concentration below the threshold of international recommendations (> 80 to 100 mg dL -1 ) [5] , the degree of haemodilution was set to achieve a fibrinogen concentration of approximately 50 mg dL -1 . Although it is well known that colloids may interfere with concentrations of fibrinogen determined by the Clauss method [18] , the prolongation of clot formation and decreased clot strength confirmed the haemodilution induced coagulopathy in our study.
In concordance with several in vitro studies we could show that increasing concentrations of fibrinogen dose dependently improved clot formation (lower CFT and higher α-angle) and clot strength (increase of MCF) using the EXTEM ® assay [9] [10] [11] . Although the FIBTEM ® assay specifically attributes the impact of fibrinogen/fibrin on clot strength by inhibiting platelets through cytochalasin-D [19] , the FIBTEM ® assay cannot be reliable used with porcine blood [20] . The observed improvement on clot strength after fibrinogen substitution is most likely explained by its binding to GIIb/IIIa receptors, as the platelet count did not significantly vary after haemodilution and fibrinogen substitution. The abundant number of approximately 40,000 to 50,000 GIIb/IIIa receptors per activated platelet allows binding of large amounts of fibrinogen [21] . This theory is supported by a possible compensating role of fibrinogen with the presence of thrombocytopenia [22, 23] . However, even at very high doses of exogenous fibrinogen, clot strength did not reach baseline values, probably because of reduced levels of other coagulation factors such as FXIII [24] [25] [26] . In contrast, prolonged PTs were reversed after fibrinogen provision, but this effect was not dose dependent. As the PT only reflects 5% of the whole coagulation process the substitution of 70 mg kg -1 of fibrinogen already normalised PT down to almost baseline values despite altered thromboelastometry variables [27] . Our observation confirms that the sensitivity of PT is insufficient to guide haemostatic therapy in haemodilution-induced coagulopathy [28] . A recommendation by the Society of Thoracic Surgeons therefore suggests guiding haemostatic therapy by point-of-care testing rather than by plasma-based coagulation assays [29] . Following trauma, haemodilution and shock decreased both the clot formation and clot strength in all animals. This effect is due to the loss, consumption and dilution of coagulation factors. However, at the end of the observation period clot strength and fibrinogen concentration were still higher in the F-200 group as compared with the F-70 group, but not associated with a further reduction in blood loss. Thus the endogenous potential of procoagulant activators was sufficient to activate fibrinogen and to terminate bleeding. The comparable blood loss between the F-70 and F-200 group and the similar decrease of the mean concentration of fibrinogen indicates that the limiting factor determining the time to haemostasis was rather restricted by the concentration of fibrinogen than its activation. Although thrombin generation and clot formation have been shown to be decreased at a plasma dilution of more than 40% [30] , the residual thrombin is usually sufficient to cleave fibrinogen. However, trauma-induced blood loss and haemodilution further reduced the rate of thrombin generation that is crucial to achieve sufficient haemostasis. Due to the short half-life time of FXa and thrombin [31] clinical situations with dilutional coagulopathy and active bleeding might also require the additional substitution of procoagulant factors [32] .
Although some recent studies indicate a potential protective effect of higher levels of fibrinogen to reduce blood loss [33] [34] [35] [36] , fibrinogen is rarely used as monotherapy but as an adjunct in clinical situations with lifethreatening bleeding. Thus the substitution of fibrinogen may be a reasonable approach to reduce the use of allogenic blood products, but the efficacy of fibrinogen substitution may also be enhanced by the concomitant application of other coagulation factors.
There is some concern that substitution of fibrinogen may enhance the risk for thromboembolic events. This risk may be aggravated by the concomitant application of other haemostatics, such as antifibrinolytics. Although some studies indicate an association between chronic elevation of fibrinogen and an increased risk for cardiovascular events [37] , a systematic review about the safety of fibrinogen substitution in a situation of deficit showed a low thrombogeneity [38] . Our results are consistent with these studies, as we could not detect (micro) vascular thrombosis or hypercoagulability after fibrinogen substitution.
Some limitations do apply. Despite the application of up to 200 mg kg -1 fibrinogen, thromboelastometry variables were not restored to baseline values. The provision of other coagulation factors, such as FXIII might have shown different results. The experimental setup required inducing the haemodilution and fibrinogen application before the infliction of trauma. It does not exactly mirror a clinical situation, where coagulopathy occurs after trauma. Although we mimicked a blunt liver injury, we allowed free bleeding after the injury, which is somewhat similar to a clinical situation with penetrating trauma. Further, the observation time of this study was limited to only two hours, which prevented the study of further treatment effects or possible physiological compensation mechanisms. However, all of the control animals had died within this observation period, which demonstrates a clear treatment effect. In addition, the induction of injury was performed in anaesthetised healthy pigs. Thus, the physiological response to such things as pain and inflammation may have additional effects on haemostasis, which are not reflected in our model.
Finally, there is a great debate about the ideal resuscitation fluid, which has been recently addressed in a Cochrane systematic review [39] . It would be way beyond the scope of this study to discuss the implications of the fluids needed to maintain haemodynamic stability in our pig model of severe dilutional coagulopathy. Both crystalloid and colloid solutions have manifold influence on the coagulation system, inflammatory responses and organ function. Our model of a combination of hydroxyethylstarch and crystalloid represents the current concept at our institution, and probably of many other centres, for resuscitation of haemorrhagic shock, until the optimum resuscitation strategy has been identified.
Conclusions
In summary, dilutional coagulopathy could be reversed by the early administration of exogenous fibrinogen in the absence of severe anaemia. Higher doses of fibrinogen correlated with improved parameters of thromboelastometry and may be a reasonable approach to reduce the use of FFP, platelet concentrate and red blood cells as these allogenic blood products are associated with various adverse outcomes. However, the results of our study also show that substituting fibrinogen concentration to values of more than 150 mg dL -1 had no additional effect on clinical relevant endpoints in this specific ani- 
Key messages
• We could demonstrate that restoring fibrinogen with 70 or 200 mg kg -1 after severe dilutional coagulopathy dose dependently improved coagulation parameters as shown by thromboelastometry variables.
• Although blood loss after liver injury was significantly lower in the fibrinogen groups as compared with controls, there was no difference between substituting 70 or 200 mg kg -1 fibrinogen in regard to blood loss or survival. Therefore substituting fibrinogen concentration to values above 150 mg dL -1 had no additional effect on clinical relevant endpoints in this specific animal model.
• As no (micro) vascular thrombosis or hypercoagulability was observed, the early application of fibrinogen might be a safe approach to restore critical concentrations of fibrinogen and may reduce the need for the transfusion of allogenic blood products.
